Objective Hyper-IgE syndrome (HIES) is a rare primary immunodeficiency caused by autosomal dominant STAT3 mutations resulting in recurrent infections and connective tissue abnormalities. Coronary artery abnormalities have been reported infrequently. We aimed to determine the frequency and characteristics of coronary artery abnormalities. Design STAT3-mutated HIES patients (n=38), ranging in age from 8 to 57 years, underwent coronary artery imaging by computed tomography or magnetic resonance imaging. Images were evaluated for tortuosity, dilation, and aneurysm. Charts were reviewed for cardiac risk factors. To allow blinded image interpretation, an age-and gendermatched non-HIES group was also evaluated (n=33).
Introduction
Hyper-IgE syndrome (HIES; Job's syndrome) is a primary immunodeficiency caused by autosomal dominant mutations in signal transducer and activator of transcription 3 (STAT3) [1, 2] . HIES is associated with a newborn rash, recurrent skin and lung infections, and elevated serum IgE [3] . Patients also have multiple connective tissue and skeletal abnormalities including typical facies, minimal trauma fractures, hyperextensibility, scoliosis, Chiari I malformations, and focal brain T2 hyperintensities on magnetic resonance imaging (MRI) [3, 4] .
Reported arterial abnormalities in HIES include coronary artery aneurysms, bilateral carotid artery aneurysms, and a mycotic aneurysm of the middle cerebral artery [5] [6] [7] [8] . In addition, STAT3 has been found to be involved in vascular remodeling and atherosclerosis in vitro [9] . The reported cases suggest that vascular abnormalities are part of the clinical spectrum of HIES, but the frequency, severity and relationship to age and other clinical factors are unknown. We aimed to systematically and non-invasively characterize the coronary arteries of patients with HIES using computed tomography (CT) and/or magnetic resonance imaging (MRI) techniques, which have been proven to be valuable in evaluating coronary anomalies, coronary artery dilation, and atherosclerosis [6, [10] [11] [12] [13] [14] [15] [16] . Additionally, we examined the association of traditional coronary artery risk factors such as hypertension and atherosclerosis with these findings.
Methods

Subjects
Diseased subjects were recruited from a cohort of patients with HIES under study at the National Institutes of Health (NIH). HIES patients were diagnosed based on consistent clinical features and STAT3 mutation analysis; only those with STAT3 mutations were included in this study. Patient charts were reviewed for cardiac risk factors, including history of smoking, body mass index (BMI), hypertension, hypercholesterolemia, prior Kawasaki disease, and previous coronary events. Hypertension was defined as an average of three systolic blood pressures ≥140, or an average of three diastolic blood pressure of ≥90, or currently taking antihypertensives. Framingham cardiovascular disease risk scores were calculated for all HIES patients 20 years and older [17] . Charts and primary studies were reviewed for other vascular abnormalities including lacunar, cerebral or brainstem infarcts, non-coronary arterial dilation, and focal areas of hyperintensity on brain MRI. All subjects signed informed consent and were evaluated under Institutional Review Board (IRB)-approved protocols.
To allow blinding of the radiologic interpretation, cardiac CT and MRI scans were examined from non-HIES gender-and age (within 4 years)-matched subjects. These subjects were on IRB-approved coronary artery imaging protocols and had signed informed consent. Thirteen, including those in the pediatric age group, were on a protocol to non-invasively image coronary arteries in individuals with human immunodeficiency virus (HIV) infection. The others were recruited for having at least one coronary artery disease risk factor. Cholesterol levels were known for all non-HIES subjects, and Framingham risk scores were calculated for subjects 20 years or older.
Coronary Artery Imaging
Cardiac CT and MRI were performed to visualize the coronary arteries using previously reported methods (details in "Supplemental methods" of Electronic supplementary material) [6, 10, 11, 18] . CT scans were performed for patients at least 30 years old without contraindication including the ability to have intravenous CT contrast and the ability to tolerate a beta blocker to maintain a pulse of approximately 60-70 beats per minute throughout the procedure. MRI scans were performed for the remaining patients without contraindications (such as claustrophobia) or hardware that would interfere with the images (such as Harrington rods placed for scoliosis). The CT and MR scans were analyzed and interpreted by a single radiologist (AMG) who was blinded to whether the subject had HIES or not. Image analyses included measurements of the diameter of the left anterior descending (LAD) and right coronary arteries (RCA) at three points along the vessel (proximal, medial, and distal) to obtain an average diameter of the normal vessel. Additionally, evidence of coronary artery tortuosity and/or dilation was recorded.
The artery was interpreted as being "tortuous" if the main trunk of the vessel bent into an abnormal "S," "C," or "U" shape [19] . Tortuosity was graded as moderate or severe by the radiologist who was blinded to disease status. Dilation was recorded when there was a visually apparent dilation of the artery compared to the normal surrounding segments. Three measurements of the dilated segment were taken. We used the following definitions for aneurysm: dilation 1.5 times the diameter of the normal diameter, or dilation greater than 5 mm [12, 20, 21] . The measurements were made with the reader unaware of the subject's diagnosis. Atherosclerosis was defined as coronary wall irregularity resulting in luminal stenosis involving at least one of the three major coronary arteries. The degree of atherosclerotic stenosis was classified as mild (<50% stenosis), moderate (>50% but <70% stenosis), or severe (>70% stenosis).
Statistical Analysis
Several patient characteristics, including Framingham score, total cholesterol, and coronary artery abnormalities, were assessed for association with HIES status. Comparisons between the HIES and non-HIES groups were made for prevalence rates of each cardiac anomaly. Gender differences in the rates of cardiac anomalies in patients were also examined. For univariate analyses, Fisher's exact test was used for dichotomous variables and the Wilcoxon rank-sum test was used for continuous variables. Logistic regression was used for multivariate modeling of associations between cardiac anomalies and risk factors. Statistical analysis was performed using R software (version 2.8.1; R Foundation for Statistical Computing, Vienna, Austria hyperlink http://www.r-project.org). All statistical tests were two-sided and performed at the 0.05 level.
Results
Subjects
Heart CT or MRI was performed on 38 patients from a cohort of 63 patients with STAT3 mutation-positive HIES (Table I No HIES patient had a history of Kawasaki disease. One previously reported patient suffered a myocardial infarction and was found to have a large LAD aneurysm and a dilated RCA [7] . Hypertension was present in 15/28 (54%) patients over 18 years of age, and 16/38 (42%) of all patients. No patients had diabetes. The cholesterol levels are described in Table I ; four patients were taking medication for their cholesterol. Out of 29 patients, ten (34%) had a history of smoking.
There were 33 non-HIES subjects matched for gender and age within 4 years (age range 13-56 years, mean 32 years, median 31 years; Table I ). There were no genderand age-matched subjects for five HIES patients. The non-HIES subjects had a higher proportion of African Americans (39%) than the HIES group did (8%). Twenty non-HIES subjects had at least one coronary artery disease risk factor, with 11/33 (33%) patients carrying the diagnosis of hypertension, and 13 had HIV infection. Out of 34 non-HIES patients, 15 (44%) were tobacco smokers. There was no significant difference in Framingham scores, BMI, total cholesterol, hypertension, or smoking history between this group and HIES patients (Table I) .
Cardiac Imaging Findings
Coronary artery tortuosity or dilation was seen in 26/37 (70%) of evaluable HIES patients seen in 26/37 (70%) of evaluable HIES patients ( Figs. 1 and 2 ; Table II ). The prevalence of RCA dilation was 25%, and the prevalence of LAD dilation was 51% (Table II, Fig. S1 ). Tortuosity was largely isolated to the RCA, with 47% of HIES patients having RCA tortuosity; only one HIES patient had LAD tortuosity. Out of 38 HIES patients, 14 (37%) had 1 or more aneurysms as defined in "Methods." The prevalence of dilation or tortuosity within the HIES population tended to increase with age (Fig. 3) . Cardiac images of non-HIES and non-HIES subjects were intermixed and anonymized, thereby blinding the reader to the disease status in order to reducing bias. Despite diverse diagnoses in the non-HIES subjects, including HIV infection, the prevalence of the above abnormalities was much less (Table II) . Looking at the absolute difference in prevalence, non-HIES rate (%)-HIES rate (%), the prevalence for non-HIES subjects was 32% less for tortuosity (p=0.005), 45% less for LAD dilation (p<0.0001), 22% less for RCA dilation (0.01), and 34% less for aneurysm (p=0.0004; Table II) .
Only mild atherosclerosis was seen in the HIES population. For HIES subjects, 21% had atherosclerosis, all of which was mild. Although identification of calcified lesions was possible only for those with a CT scan, none of the 14 HIES patients imaged with CT had coronary artery calcification. Differences in underlying diseases for the non-HIES subjects made comparisons difficult to interpret. However, in this population, 24% had mild, 6% moderate, and 6% severe atherosclerosis disease. In addition, 6 of 19 (32%) had calcified lesions on CT imaging. As HIV or its treatment may lead to an abnormal increase in atherosclerosis, a multivariate logistic analysis adjusted for age, African American race, HIV and HIES status was performed. HIES was associated with a 67% reduction in the odds of atherosclerosis compared to similar non-HIES subjects (odds ratio 0.33; 95% CI: 0.09,1.22; p=0.09).
In HIES subjects, the associations between coronary artery abnormalities and other cardiac risk factors (age, BMI, smoking history, LDL, HDL, total cholesterol; hypertension; Framingham score) were examined further with logistic regression. Hypertension was associated with dilation (p=0.03) and tortuosity (p=0.03). There was significant or near significant association of dilation with increased BMI (p=0.03), increased LDL cholesterol (p=0.10), increased Framingham score (p=0.09), and age (p=0.11). Tortuosity had a significant association with age (p=0.03). Looking at the three borderline significant factors (p≤0.10) for dilation in a multivariate logistic model, none were significant, suggesting that the independent effects of these variables could not be distinguished in our dataset; age was not significant in this model. For tortuosity, age and hypertension were not significant in the multivariate model.
Within the HIES population, coronary artery abnormalities (dilation and/or tortuosity) were present in both genders, but appeared more prevalent and the dilation more pronounced in males (Tables SI and SII) . This difference may have been because of increased hypertension in males, despite no significant difference in age or obesity (Table SII) . There was no association between STAT3 mutation region (SH2 domain or DNA binding domain) and the presence of arterial dilation, tortuosity, or atherosclerosis.
Other Vascular Abnormalities
Routine imaging of non-coronary vessels was not performed, but other vascular abnormalities were noted from previously obtained imaging. Three patients had lacunar infarcts in the brain. One of these patients had dilation of the left common carotid artery, internal carotid artery, and left carotid bulb; all three had dilated coronary arteries. All but five patients had focal areas of hyperintensity on brain MRI. No association was found between the presence or amount of focal brain hyperintensities and coronary artery abnormalities. The presence of other vascular abnormalities was not performed for the non-HIES subjects.
Discussion
Dilation and tortuosity of the coronary arteries are common in STAT3-mutated HIES, reflecting the widespread expression and diverse functions of STAT3. These coronary artery abnormalities appear to increase with age and are associated with hypertension, which is also more common in HIES. Despite these common risk factors and associated features, there was a paucity of atherosclerosis.
In the general population, the incidence of coronary artery aneurysms ranges from 0.3% to 5.3%, occurring predominantly in the RCA [20] [21] [22] . The most common etiology in adults is likely atherosclerosis and its attendant complications such as angioplasty. Other etiologies of coronary artery aneurysms include congenital abnormalities, autoimmune diseases such as Takayasu's arteritis, presumed infections such as Kawasaki disease, and connective tissue diseases such as Marfan syndrome, LoeysDietz syndrome (LDS), and vascular-type Ehlers-Danlos syndrome (type IV) [20, [23] [24] [25] . In HIES, aneurysms occurred in 37% of patients, with dilation even more frequent, predominantly affecting the LAD, all without significant associated atherosclerosis. Coronary artery tortuosity is also common in HIES, although its incidence in A B C D the general population is unknown. In the general population, similar to aneurysms, tortuosity is mostly associated with atherosclerosis. The proposed mechanism is that of unequal traction and pressure in the lumen leading to degeneration of elastin [26] . The pathogenesis of vascular abnormalities in HIES remains unknown, but disordered TGF-beta signaling and matrix metalloproteinase (MMP) dysregulation may play roles. Marfan syndrome and LDS, both associated with disordered TGF-beta signaling, share connective tissue abnormalities with HIES including aneurysms, arterial tortuosity, scoliosis, and hyperextensible joints [23, 24] . Familial arterial tortuosity, a rare autosomal recessive disease caused by a mutation in GLUT10, is also thought to be involved in TGF-beta signaling [27] . Tissue metalloproteinase (MMP) dysregulation may play a role in aneurysm formation as it does in other pro-inflammatory conditions such as Kawasaki disease and vasculo-Behcet's [28] [29] [30] . Disordered MMP regulation is also associated with abdominal aortic aneurysms, moya-moya, coronary artery disease-associated aneurysms, and the aortic aneurysms of Marfan syndrome [31] [32] [33] [34] [35] . STAT3 is involved in the regulation of several MMPs, either directly through interactions with MMP promotors, as has been shown with MMPs 1, 2, 3, and 9, or through STAT3-regulated chemokines and cytokines such as monocyte chemoattractant protein-1 (MCP-1) [36] [37] [38] [39] . How MMP3 dysregulation may impact vascular remodeling in HIES requires further study.
The paucity of atherosclerosis in HIES despite coronary artery disease risk factors in a pro-inflammatory immunodeficiency was unexpected [1] . Mouse data implicate STAT3 in the pathogenesis of atherosclerosis [7, 40] ; pravastatin treatment of mice prevented atherosclerotic lesions and was associated with decreased levels of phosphorylated STAT3 [41] . Hypertension was the most frequent coronary artery risk factor observed, and was more common in HIES than expected for age, with an overall incidence of 42% despite a mean age of 31 [42] . It is unclear from this retrospective survey whether blood pressure increases as a result of the discovered arterial abnormalities or whether the increased blood pressure causes aberrant remodeling of vessels and subsequent dilation. We suspect that hypertension is a primary effect of STAT3 mutation, since hypertension is only weakly associated with increased risk of non-HIES aneurysms such as aortic abdominal aneurysm [43, 44] .
The clinical implications of tortuosity and dilation of the coronary arteries in HIES are unclear. Coronary artery dysfunction and myocardial events are rare causes of morbidity and mortality in HIES. Only one HIES patient has been reported to have had a myocardial infarction and one other presented with possible angina [5, 7, 8] . Out side of the heart, two patients are known to have had subarachnoid hemorrhages secondary to ruptured intracerebral aneurysms, and one patient died of a mycotic Aspergillus cerebral artery aneurysm [45] . In other populations with coronary artery aneurysms, morbidity and mortality are due to thrombosis with subsequent ischemia, infarction and rupture [20] [21] [22] . Tortuosity also may alter flow resulting in cardiac ischemia. As survival in HIES is extended with better antimicrobials for life-threatening pulmonary infections, it is possible that these arterial abnormalities will become more clinically significant. Treatment of the coronary artery abnormalities in HIES remains unexplored. The use of antithrombotic medications needs to be weighed against the risk of pulmonary hemorrhage, a known significant source of morbidity and mortality in HIES [45] . The angiotensin II type 1 receptor antagonist, losartan, appears promising in the treatment of Marfan-associated aneurysms as it antagonizes TGF-beta signaling [46, 47] , but the roles of TGF-beta and losartan in HIES require further study.
Our study was limited in assessing atherosclerosis. Non-HIES subjects were selected from other protocols with imaging performed by the same research team, so that the radiologist interpreting the images could be blinded to diagnosis. Although the two patient groups did not have significant differences in Framingham score, hypertension, BMI, and total cholesterol, the non-HIES subjects had diverse diagnoses (including HIV infection), and there were differences in race with controls having more African Americans. Therefore, although the non-HIES subjects allowed comparison of the prevalence of coronary abnormalities with the HIES cohort who where matched for age and gender, their underlying diseases prevented them from acting as ideal controls.
In summary, coronary artery abnormalities including tortuosity, dilation, and aneurysm are common in HIES and occur at young ages. While these abnormalities do not appear to cause marked morbidity or mortality, this may change as overall treatment and survival improves. Future studies will determine the clinical significance of these abnormalities, and examination of vascular tissues and animal models of HIES will help determine the role of MMPs and TGF-beta in STAT3-mediated vascular remodeling. Understanding STAT3's role in vascular remodeling may shed light on more common conditions such as Kawasaki disease. Finally, since STAT3 mutation appears to protect against atherosclerosis, it may be another target for prevention and treatment of atherosclerotic disease.
